Prostatic carcinogenesis is associated with changes in the androgen receptor (AR) axis converting it from a paracrine dependence upon stromal signaling to an autocrine-initiated signaling for proliferation and survival of prostatic cancer cells. This malignant conversion is due to gain of function changes in which the AR activates novel genomic (i.e. transcriptional) and non-genomic signaling pathways, which are not present in normal prostate epithelial cells. During further progression, additional molecular changes occur which allow these unique malignancy-dependent AR signaling pathways to be activated even in the low androgen ligand environment present following androgen ablation therapy. These signaling pathways are the result of partnering the AR with a series of other genomic (e.g. transcriptional co-activators) or non-genomic (e.g. steroid receptor co-activator (Src) kinase) signaling molecules. Thus, a combinatorial androgen receptor targeted therapy (termed CART therapy) inhibiting several points in the AR signaling cascade is needed to prevent the approximately 30,000 US males per year dying subsequent to failure of standard androgen ablation therapy. To develop such CART therapy, a series of agents targeted at specific points in the AR cascade should be used in combination with standard androgen ablative therapy to define the fewest number of agents needed to produce the maximal therapeutic antiprostate cancer effect. As an initial approach for developing such CART therapy, a variety of new agents could be combined with luteinizing hormone-releasing hormone analogs. These include: (1) 5a-reductase inhibitors to inhibit the conversion of testosterone to the more potent androgen, dihydrotestosterone; (2) geldanamycin analogs to downregulate AR protein in prostate cancer cells, (3) 'bulky' steroid analogs, which can bind to AR and prevent its partnering with other co-activators/signaling molecules, and (4) small molecule kinase inhibitors to inhibit MEK, which is activated as part of the malignant AR signaling cascade.
Introduction
Androgens are the major growth factors for the normal prostate, and its cognate receptor is fundamental for androgen signaling within the gland. Prostate cancers retain androgen receptor (AR) signaling pathways and thus are nearly universally responsive initially to androgen ablation therapy. Unfortunately, however, essentially all ablated patients eventually relapse. Owing to this relapse, androgen ablation therapy is not curative, no matter how complete the ablation is. There has been a major shift in the thinking concerning the role of AR in prostate cancer progression to this lethal stage. Since aggressive forms of androgen ablation (i.e. luteinizing hormone releasing (LHR) analogs plus anti-androgens plus chemical inhibition of adrenal androgen production) do not substantially increase the survival of prostate cancer patients above that produced by luteinizing hormone-releasing hormone (LHRH) analogs alone, it had been assumed that this therapeutic failure meant that AR is no longer engaged in the lethal phase of the disease. A series of correlative and experimental data, however, do not support such a conclusion. With regard to the correlative data: (1) AR continues to be expressed in a significant subset of cells in metastatic tissue obtained at autopsy from androgen ablation-failing patients (Shah et al. 2004) ; (2) such AR expression is detectable within cell nuclei (Mohler et al. 2004 , Shah et al. 2004 ; and (3) enhanced levels of AR mRNA and protein are the most consistent molecular markers correlated with the acquisition of an androgen ablation-resistant phenotype . With regard to experimental data, even within cancers in which only a subset of malignant cells continue to express AR, it has been documented that androgeninduced autocrine growth factor secreted from these AR-positive (i.e. pace maker) cancer cells stimulates the growth of AR-negative cancer cells in a paracrine manner (Nonomura et al. 1988) . Also, the majority of in vitro prostatic cancer cell lines (e.g. LNCaP, LAPC-4, LAPC-9, MDA-PC-2B, V-Cap, DuCap, etc.) established from patients failing androgen ablation continue to express AR (van Bokhoven et al. 2003) and if this expression is lowered by a variety of means (e.g. intracellular injection of anti-AR antibodies, anti-sense, siRNA, a hammerhead ribozyme, etc.), the proliferation of the 'androgen ablation-resistant' cancer cell lines is inhibited and the cell dies (Chen et al. 1998 , Eder et al. 2002 , Solit et al. 2002 , Zegarra-Moro et al. 2002 , Liao et al. 2005 , Yang et al. 2005 . Combining these correlative and experimental data has re-focused attention on how such androgen ablation-resistant cells use the AR to stimulate their proliferation and survival.
A growing body of data has documented that this is due to gain of function in the AR signaling pathways during the progression of prostatic cancer (Litvinov et al. 2003) . This gain of function changes results in prostate cancer cells that are resistant to androgen ablation because they proliferate and survive without requiring physiological levels of androgen ligand. These changes produce malignancy unique signaling pathways that, while androgen ablation resistant, are still dependent upon AR (Litvinov et al. 2003) . This AR dependency provides a therapeutic Achilles' heel for control of this devastating disease (Litvinov et al. 2003) . The rationale for this statement is based on the following facts. First, the AR gene is located on the X-chromosome, and thus males have only a single copy of this gene. Secondly, germline truncation mutations early in the first exon of the AR gene result in complete androgen-insensitivity syndrome because no expression of AR protein occurs in these patients. Although such complete androgen-insensitivity syndrome mutations prevent masculinization, they are not life threatening. This means that in prostate cancer patients with germline wild-type AR, systemic therapy that either selectively prevents AR expression or neutralizes its signaling ability should not be lethal to normal host tissues, except the male accessory sex tissues. These accessory sex tissues undergo regression by standard androgen ablation without affecting host survival. Therefore, such systemic AR-targeted therapy would have a restricted AR-dependent therapeutic index because blocking AR signaling while eliminating the metastatic prostate cancer cells remaining after androgen ablation would not be life threatening. Thus, prostate cancers should provide a paradigm for successful rational drug development based on this unique therapeutic index.
For such rational drug development, identification of the novel malignancy-acquired AR signaling pathways is critical. An understanding of the AR signaling in the normal prostate is required for such identification. Human prostatic glands are composed of a simple stratified epithelium containing a basal and luminal layer separated via basement membrane from a welldeveloped stromal compartment. The homeostatic maintenance of this prostatic epithelium is regulated via a hierarchical stem cell organization (Isaacs 1987) , shown in Fig. 1 . In the prostate epithelium, stem cells are rare and are located within the basal layer (i.e. %1% of basal cells are stem cells (Richardson et al. 2004) ). Prostate stem cells proliferate rarely to renew the fraction of their progeny, which instead of remaining as uncommitted stem cells, enter a terminal maturation process in which several sequential stages have been identified phenotypically and morphologically (Litvinov et al. 2003) . The earliest stage is termed a transitamplifying (TA) cell, which has a high proliferative potential and is located in the basal layer. These TA cells express very low to undetectable levels of AR protein and do not express prostatic differentiation marker proteins (e.g. prostate-specific antigen (PSA), human glandular kallikrein-2 (hK2), and prostate-specific membrane antigen (PSMA)) (Litvinov et al. 2003) . While this subset of AR-negative TA cells does not respond directly to androgen, these cells do require critical levels of androgen-stimulated paracrine growth factors (i.e. andromedins) for their proliferation but not survival . The presently identified andromedins include fibroblast growth factor 7 (FGF-7) (Yan et al. 1992) , FGF-10 (Lu et al. 1999 , Nakano et al. 1999 , and insulin-like growth factor-I (IGF-I) (Ohlson et al. 2006) . These andromedins are produced by the occupancy of the AR by its ligand within prostate stromal cells (Gao & Isaacs 1998 , Gao et al. 2001 , Kurita et al. 2001 . These TA cells express the dominant-negative N-terminal truncated form of the p53 related, p63 gene (i.e. DNp63a isotype) within their nucleus and high levels of 'basal-specific' cytokeratins (i.e. keratin 5 and 14), glutathione-S-transferase-Pi isoform (GST-P i ), standard form of CD-44 (CD-44 s ), transglutaminase type II (TGT-2), and involucrin, but only low levels of luminal-specific keratins 8 and 18 (Litvinov et al. 2003) . Besides proliferating, these (De Marzo et al. 1998 , Tran et al. 2002 , Garraway et al. 2003 .
This maturation into basal intermediate cells involves the loss of expression of keratin 14 while maintaining the co-expression of basal-specific keratin 5 and luminal-specific keratins 8 and 18, and DNp63a, coupled with a decrease in their growth fraction (De Marzo et al. 1998 , Tran et al. 2002 , Garraway et al. 2003 . The basal intermediate cells continued to mature with their gain of expression of prostate stem cell antigen (PSCA) protein and AR mRNA but not protein during their migration into the luminal layer to become 'luminal intermediate' cells (Tran et al. 2002) . The luminal intermediate cells translate AR mRNA and thus express AR protein whose occupancy by androgen produces translocation of AR onto this nucleus where it binds to a specific DNA-response element of the promoters of specific differentiation genes (e.g. PSA, hK2 and PSMA) regulating their transcription. Due to this genomic effect, the 'intermediate' cells mature into fully differentiated, luminal secretory cells which express PSA, hK2 and PSMA but no longer express basal markers like keratins 5 and 14 and DNp63. This terminal maturation is also associated Figure 1 Stem cell model of prostatic epithelial cell compartmentalization. The prostate gland consists of a number of stem cell units that arise from one stem cell. Such a stem cell is located in the basal epithelial layer of the prostate and, upon division, gives rise to a population of transit-amplifying cells. The latter divide in the basal layer, and a fraction of them differentiate and move into the secretory luminal epithelial layer. As transit-amplifying cells differentiate and move into a secretory luminal layer from the basal layer, they acquire expression of a number of genetic markers, as indicated. Low-level retention of expression by a subset of transitamplifying (i.e. intermediate) cells; C, expression of marker; -, lack of detectable expression of marker; NE, Neuro-endocrine.
Endocrine-Related Cancer (2006) 13 653-666 www.endocrinology-journals.org with upregulation of the p27 Kip1 cyclin-dependent kinase inhibition protein and loss of proliferative ability (Waltregny et al. 2001) . The mechanism for this upregulation in normal prostatic epithelial cells involves enhanced stability of the p27 Kip1 protein, secondary to AR-induced transcriptional repression of expression of the E3 ubiquitin ligase Skp2 involved in p27
Kip1 degradation (Waltregny et al. 2001) . While the engagement of nuclear AR in these luminal secretory cells regulates PSA, hK2 and PSMA transcription it does not regulate their survival. Instead, such survival requires adequate levels of the androgen-stimulated stromally derived andromedins (Gao & Isaacs 1998 , Gao et al. 2001 , Kurita et al. 2001 .
Gain of function changes converts AR from a growth suppressor to an oncogene in prostate cancer cells
Unlike the paracrine situation in the normal prostate in which such growth regulation is initiated by AR binding to genomic sequences in the nuclei of stromal cells, it is found during prostatic carcinogenesis that genomic AR binding within the transformed cells themselves activates this growth regulation. Because of these hard-wiring changes, there is a conversion from paracrine to autocrine AR signaling pathways in invasive prostate cancer (Gao & Isaacs 1998 , Gao et al. 2001 . These gain of function hard-wiring changes pathologically allow androgen/AR complexes to bind to and enhance expression of survival and proliferation genes (i.e. 'malignant' andromedins, which are not necessarily the same andromedins (i.e. IGF-I, FGF-7, FGF-10) produced in the normal gland) that are physiologically not regulated by these AR complexes in either normal transit-amplifying or secretory luminal cells. Even with these hard-wiring changes, activation of these malignant-dependent growth-promoting (i.e. oncogenic) pathways can still require physiological levels of androgen for sufficient occupancy and binding of the dimerized AR within prostatic cancer cell nuclei to induce genomic (i.e. transcriptional) stimulation of their proliferation and survival. Such malignant cells depend upon physiological levels of circulating androgen as documented by the fact that lowering serum testosterone to !0.5 ng/ml via LHRH analog-induced suppression of testicular testosterone production results in their death (Redding et al. 1992) . Unfortunately, such physiologic androgen-dependent prostatic cancer cells undergo additional molecular changes in which AR interacts with partner proteins to generate genomic as well as non-genomic signaling even in the presence of low circulating serum testosterone levels produced by androgen ablation. Thus, these latter cells are not eliminated by standard androgen ablation (i.e. LHRHGanti-androgens) and their continuing growth eventually kills the patient. Presently, there is no curative therapy for these lethal androgen ablationresistant prostatic cancer cells.
To develop effective therapy, an understanding of how these cells develop resistance to androgen ablation is fundamental. There are several mechanisms, that have been identified for how such resistance to androgen ablation develops . These include the ability of the cancer cell to: (1) amplify AR signaling by metabolically converting the less potent testosterone via 5a-reductase activity to the 10 times more potent AR ligand, dihydrotestosterone (DHT) (Deslypere et al. 1992 , Titus et al. 2005a ; (2) enhance its level of AR protein so that even at the reduced level of androgen ligand remaining following androgen ablation, due to mass action, there are sufficient total molecules of ligandbound AR translocated to nuclei to initiate genomic (i.e. transcriptional) upregulation of 'malignant' andromedins even though the fraction of ligand-occupied AR still remains low ; (3) enhanced levels of AR-transcriptional co-activators (e.g. p160 and p300), that 'forces' the ligand-unoccupied AR from an antagonist into its agonist conformation, thus activating ligand-independent genomic (i.e. transcriptional) effects to produce 'malignant' andromedins (Gregory et al. 2001 , Debes et al. 2002 , Culig et al. 2004 . These malignant andromedins then bind to their appropriate plasma membrane cognate receptor generating survival and proliferation signaling; and 4) initiate AR binding to scaffolding protein complexes (e.g. modulator of nongenotropic activity of estrogen receptor (MNAR)-steroid receptor co-activator (Src) kinase) activating the Src kinase ability to phosphorylate and activate the kinase of MEK resulting in a non-genomic kinase cascade signaling survival and proliferation (Castoria et al. 2004 , Unni et al. 2004 . The importance of this non-genomic Src/MEK kinase cascade is presently unresolved but treatment of human prostatic cancer cell lines in vitro with MEK inhibitor produces significant growth inhibitor but little cell death induction ).
Rationale for CART therapy
Based upon this growing understanding of the multiple and often coordinated mechanisms for resistance to androgen ablation therapy, it is clear that a combinatorial approach to the simultaneous targeting of multiple AR pathways is required as a 'rational' approach to therapy. A summary of several of the possible sites for such a combinatorial AR targeted therapy, termed CART therapy, is presented in Fig. 2 . Presently, surgical or medical (i.e. LHRH analog/ antagonist) suppression of the major circulating androgen (i.e. testosterone) is the usual target of androgen ablation therapy. While this lowers the level of circulating testosterone via effects on the testes, it does not entirely eliminate testosterone and the biological impact of the low level of testosterone remaining can be amplified by the conversion of testosterone to DHT catalyzed by 5a-steroid reductase (i.e. DHT is 10 times more potent than testosterone in transcriptional induction (Deslypere et al. 1992) ). There are two distinct genes encoding 5a-steroid reductase (5a-SR) activity (i.e. type one and type two 5a-SR) (Titus et al. 2005a) . The type one enzyme is expressed by a variety of tissues, particularly skin fibroblasts and liver hepatocytes, while type two is more restrictively expressed by prostate and male accessory sex tissues, stromal and epithelial cells as well as liver hepatocytes (Titus et al. 2005a) . Prostate cancer cells express modest levels of type two 5a-SR, but have significant expression of the type one 5a-SR (Titus et al. 2005a) . Finasteride, Fig. 3 , is a selective inhibitor of type two 5a-SR and has been FDA approved for treatment of BPH. Likewise, dutasteride, which is a dual type one and two inhibitor, has been approved for BPH and is being tested presently for its chemoprevention ability for prostatic cancer development (Fig. 3) .
Both type one and type two isozymes are expressed in prostatic cancer (Xu et al. 2006) . We have also documented that daily treatment with finasteride reduces the level of DHT in both normal and malignant rodent and human prostatic tissues which have low, but not high, type one 5a-SR (Lamb et al. 1992 , Xu et al. 2006 . Such DHT reduction induces significant regression of the normal sex accessory tissues (e.g. prostate and seminal vesicles) and growth of malignant prostate cancer with low type one 5a-SR. In contrast, finasteride had no statistical effect upon the growth of a rodent prostate cancer, which expresses a high level of the type one isoform of 5a-SR (e.g. Dunning H-tumor; Lamb et al. 1992 , Xu et al. 2006 . These results document that prostatic cancer cells can continue to grow at DHT levels which are unable to prevent the death of normal prostatic epithelial cells (i.e. prostatic cancer cells are hypersensitive to DHT www.endocrinology-journals.org compared to normal tissue) (Ellis & Isaacs 1985) . In contrast to finasteride, daily treatment with dutasteride caused both growth inhibition of the Dunning H-tumor as well as regression of the normal sex accessory tissue (Xu et al. 2006) . This dutasteride response was associated with a much greater reduction in DHT levels in both tissues than that induced by finasteride. In additional studies, it was documented that by combining oral daily dutasteride, but not finasteride, with androgen ablation, an additive inhibition of the growth of LNCaP human prostate cancer cells (i.e. cells which express a moderate level of type one 5a-SR) was produced in nude mice which is greater than that produced by castration alone (Xu et al. 2006) . These results show that even after castration there is still a measurable level of androgen-induced malignant growth which can be suppressed by preventing the testosterone to DHT amplification via 5a-reductase inhibition.
The importance of this realization is highlighted by two publications (Nishiyama et al. 2005 , Titus et al. 2005b ). In the Nishiyama et al. paper, liquid chromatography-mass spectrometry (LC-MS) was used to analyze the tissue DHT levels in serum and prostatic biopsies from men with localized prostate cancer before and after androgen ablation therapy (i.e. induced surgically (nZ5) or by LHRH (nZ25)). They documented that the pre-treatment tissue DHT levels 18.7G9.7 nM, which were reduced 75% to 4.6G 4.5 nM following 6 months of androgen ablation. Titus et al. also used LC-MS to show that in androgen ablation recurrent prostate cancer patients, DHT content in cancer tissue (i.e. 1.25 nM) was reduced 91% compared with androgen-stimulated BPH tissue (13.7 nM) (Titus et al. 2005b) . It is relevant to point out that the level of DHT in human prostate cancer growing in intact rats (i.e. 10-20 nM) is essentially identical to that of prostate cancers in humans (Ellis & Isaacs 1985) . It is also critical to point out that until DHT levels in human cancers were lowered to %5 nM (i.e. similar to levels produced by androgen ablation in humans), no inhibition of human cancer growth occurred (Lamb et al. 1992) . These combined results validate the use of a dual 5a-reductase inhibitor, such as dutasteride in combination with LHRH analog to further lower DHT levels within prostate cancers. Presently, such LHRH/ dutasteride combinational therapy is being tested by GlaxoSmithKline in men with metastatic prostatic cancer who have a rising PSA level while on LHRH monotherapy. For these studies, serum PSA decreases are being used as an intermediate end point with survival being the ultimate objective criterion.
This further lowering of prostate cancer DHT when LHRH analog and dutasteride are combined is particularly relevant when coupled with the demonstration that a two-to five-fold increase in AR mRNA is the only gene expression change consistently associated with androgen ablation failure . This results in a two-to three-fold increase in the levels of AR protein with androgen ablationresistant prostatic cancer cells ). These observations have led to the suggestion that nonsteroidal anti-androgen AR antagonistic-like casodex should be combined with LHRH to produce a more 'complete androgen blockage.' Unfortunately, addition of anti-androgen with LHRH has added little to survival of prostate cancer patients (Prostate Cancer Trialists' Collaborative Group 1995, Eisenberger et al. 1998 ). An explanation for this limited effect is provided by the demonstration that while antiandrogen antagonists bind to the ligand-binding domain (LBD) of AR preventing DHT binding, such AR anti-androgen antagonist complexes can be structurally 'forced' into an agonist conformation by binding with other proteins to allow transcriptional coactivation like p160 and p300, which are overexpressed in androgen ablation-resistant prostate cancer to bind and activate transcription of 'malignant' andromedin genes. These results suggest two possible methods preventing such malignant signaling. The first is to develop therapies which cause the downregulation of the AR protein. Indeed, this possibility has been documented in vitro using AR-positive human prostate cancer cell lines (Chen et al. 1998 , Eder et al. 2002 , Solit et al. 2002 , Zegarra-Moro et al. 2002 , Liao et al. 2005 , Yang et al. 2005 . Several approaches are currently available to lower AR. These include heat shock protein-90 inhibitors (Solit et al. 2002) , RNA interference (Liao et al. 2005 , Yang et al. 2005 and ribozyme (Zegarra-Moro et al. 2002) , and antisense (Eder et al. 2002 , Zegarra-Moro et al. 2002 . A logical prediction emerging from these studies is that reducing AR expression to a critical level would not only slow the growth of prostate cancer cells, but would also result in apoptosis. Two recent papers as well as our own unpublished data have shown that, indeed, if the levels of AR are lowered sufficiently, prostate cancer cells die by apoptosis (Liao et al. 2005 , Yang et al. 2005 .
Along these lines, the chaperone ability of the 90 kDa heat shock protein (HSP-90) for AR has become a logical target. HSP-90 binds to a variety of intracellular proteins, including the ligand-unoccupied AR. Upon binding of androgen to the AR complexed with HSP-90, there is an ATP-driven cycle that involves ARP binding to an N-terminal pocket in HSP-90 followed by subsequent hydrolysis to ADP and release of the P Singh et al.: CART therapy www.endocrinology-journals.org androgen-occupied AR from the HSP-90 complex (Young & Hartl 2000) . Geldanamycin (GA) is a benzoquinone ansamycin antibiotic that binds as a competitive ATP analog to the N-terminal ATP binding pocket of HSP-90. This binding of GA prevents the release of AR from its HSP-90 complex and results in the ubiquitinization and subsequent degradation of the AR but not HSP-90 protein (Segnitz & Gehring 1997 , Kuduk et al. 2000 . Such GA-induced AR downregulation results in the apoptosis of LNCaP prostate cancer cells (Solit et al. 2002) . This observation was confirmed using a panel of androgen-resistant human prostatic cancer cell lines, some of which have: (1) a single point mutation in the LBD region of their AR (i.e. LNCaP), or (2) several point mutations in the LBD region of the AR (i.e. MDA-PC-2B), or (3) a point mutation in the LBD region and an internal duplication of exon 3 in its AR producing a larger AR protein that is prone to proteolytic degradation producing a constitutively active AR composed of its N-terminal, DNA binding and hinge region but no LBD (i.e. CWR22Rv1) and (4) wild-type AR (i.e. LAPC-4) (van Bokhoven et al. 2003) . All of these human prostate cancer cell lines have comparable levels of both AR and HSP-90 (Fig. 4 , left panel) and all produce downregulation of their AR protein following GA treatment (Fig. 4, right panel) . (Note: the number under the lane for each cell line is the normalized value for AR and HSP-90, in Fig. 4 , left panel, compared with the respective amount detected in LNCaP cells or normalized vs control (i.e. untreated cells, in Fig. 4, right panel) ). These normalized values show that steady state AR expression is consistently more than 10-fold higher in androgen ablation-resistant prostate cancer cell lines as compared with normal human prostatic stromal cells such as 4S and 6S (AR western blots for these lines exposed 100 times larger than the cancer cells). In contrast, HSP-90 levels are comparable between the cancer lines and normal prostatic stromal cells (Fig. 4, left panel) . The concentration of GA which inhibits the growth of these HSP-90 expressing cancer cells by 50% (i.e. IC 50 value) ranges from a low of 15G2 nM for LAPC-4 to a high of 65G10 nM for CWR22Rv1 cells, which is identical to the concentration of GA needed to reduce AR protein levels by more than 80% within 24 hours of treatment (Fig. 4, left panel) . Unfortunately, GA undergoes hepatic metabolism and is too toxic and insoluble for systemic delivery. Therefore, GA analogs are being developed for clinical testing. These include 17-(allylamino)-17-demethoxygeldanamycin (17-AAG) and its more hydrophilic derivative 17-(dimethyl-aminoethylamino)-17-demethoxygeldanamycin (17-DMAG) (Glaze et al. 2005) . A second and complementary approach to block AR signaling in the low androgen environment following androgen ablation is to develop better small molecule anti-androgen antagonistic configuration, which can prevent the AR from being 'forced' into an agonistic configuration. Development of such new anti-androgens should be possible based upon the growing understanding of the structural biology of the AR. The AR is a member of the steroid/nuclear receptor super family of ligand-dependent transcription factors. AR contains a central DNA binding domain, which separates the receptor amino (N) terminus from the carboxy (C) terminus. The N terminus contains an activation function (AF-1) transactivation domain and the C terminus harbors the LBD and the liganddependent activator function transcriptional (AF-2) domain. Previous studies have demonstrated that an N to C terminal intra molecular interaction of AR monomers activates functional transcription via their DNA binding and dimerization (Gregory et al. 2001 , Bai et al. 2005 . Co-activators, such as the p160 family of co-activators like SRC-1, transcriptional intermediary factor-2 (TIF-2), or glucocorticoid receptor-interacting protein 1 were originally defined as factors that increase the total amount of induced gene product with saturating concentrations of hormone. As will be discussed, X-ray crystallographic studies indicate that AR can adopt a structural fold involving helices 3, 4, 5 and 12 of the LBD (i.e. AF-2 domain) with either an agonist conformation which binds such co-activator proteins or an antagonist conformation which binds co-repressors , Bai et al. 2005 , Bohl et al. 2005 . The nuclear receptor co-repressor (NCoR) and the related silencing mediator for retinoid and thyroid hormone receptors (SMRT) were initially discovered on the basis of their ability to bind to ligand-free nuclear receptors, including AR, preventing them from inducing transcription. Such co-repressors also interact with antagonist-bound AR to prevent transcription.
The AR has been crystallized in the presence of both its natural ligand DHT and the anti-androgen casodex (i.e. bicalutamide). These analyses raise the issue that casodex is not structurally 'bulky' enough to "lock" the AR in an antagonistic conformation (Bohl et al. 2005) . Structural analyses suggest that when such a less bulky antagonist binds to the ligand-unoccupied AR, it induces conformational change which, while not producing a full agonist state, makes it easier for the partially activated AR to complete such an agonist conformation, particularly if there is overexpression of co-activators. Indeed, this possibility has been suggested as the mechanism for the anti-androgen withdrawal response occurring in patients and the conversion of anti-androgens like casodex to full agonist activity in a low androgen environment following experimental upregulation of co-activators in vitro ). The specific mechanism or such a forced conformation is unknown but the critical role for co-activator displacement of corepressor binding for activating AR sensitive gene transcription has been documented. Androgen ablation-resistant prostate cancer overexpresses p160 and p300 (e.g. CREB-binding protein (CBP) co-activator protein (Gregory et al. 2001 , Debes et al. 2002 , Culig et al. 2004 ). Phosphorylation of these overexpressed co-activators induced by cross-talk with other signaling cascades presumably allows these phosphorylated forms to bind to the AF-2 domain, displacing co-repressors, and forcing the AR into an agonist state either without ligand or when bound by low molecular weight antagonists (Gregory et al. 2001 , Estebanez-Perpina et al. 2005 , Hodgson et al. 2005 . The working hypothesis is that AR conformation when either unoccupied by agonist ligands or bound by low molecular weight partial agonists or antagonists can be forced by the binding of co-regulators to displace co-repressors and undergo change to a full agonist conformation of the AF-2 domain of the AR. Therefore, a novel strategy to block gene activation by AR in such androgen ablationfailing patients is to develop 'bulky' anti-androgens which bind to LBD and structurally lock the AF-2 domain of the AR surface in an antagonist conformation thus not allowing its AF-2 domain to be forced into the agonist state.
Therefore, we have used structural biology to design small molecule drugs, which can lock the C-terminal half of the AR in an antagonist form. An initial approach we are taking is based upon the recent structural biology studies published by the Fletterick laboratory which have documented that the binding of agonist to the ligand pocket, within the LBD portion of the AR (Fig. 5A and B) , induces the correct conformation of an agonistic groove (i.e. AF-2 domain) involving helices 3, 4, 5 and 12 (Estebanez-Perpina et al. 2005) . Once induced to form, this agonistic groove does not bind corepressors (e.g. NCoR) but instead binds co-activators (e.g. Src1 and Src2) to initiate the agonist function of the AR (Fig. 5C ). In contrast, Hodgson et al. (2005, Fig. 5C ) have shown that when ligands such as mifepristone (i.e. RU-486) bind the ligand pocket of the LBD, the AF-2 position of the receptor is converted into an antagonistic form which induces not co-activator but NCOR-binding antagonizing AR function, (Hodgson et al. 2005 ,  Fig. 6 ). This is because mifepristone has a bulky P Singh et al.: CART therapy www.endocrinology-journals.org side-chain addition (i.e. dimethylaniline) at the 11b position of the C-ring steroid nucleus (Fig. 7) . This bulky substitution at the 11b position of mifepristone displaces activation helix 12 of the AR, progesterone, and glucocorticoid receptors hindering their agonist conformation (Kauppi et al. 2003) .
It is this displacement that allows mifepristone to be an anti-androgen as well as an anti-progestin and antiglucocorticoid. As a therapeutic agent, mifepristone, however, has two disadvantages. First, it has unwanted anti-glucocorticoid activity. Second, structural biology modeling has revealed that while mifepristone does displace helix 12 of the AR, such displacement is modest, raising the possibility that binding of coactivators to the AF-2 domain, defined as the 3, 4, 5, 12 groove of the AR-LBD, could reposition helix 12 back into an agonist conformation. Thus, a better mifepristone-like anti-androgen can be designed based upon having bulkier and stiffer side chains at the 11b position of the C-ring of the steroid nucleus (Fig. 7) . Along this line, studies by Muddana et al. (2004) have demonstrated that instead of using the mifepristone as the core steroid backbone, D 9 -19-nortestosterone can be used as the core backbone for such 11b position analogs and Endocrine-Related Cancer (2006) 13 653-666 www.endocrinology-journals.org thereby eliminate the anti-glucocorticoid activity of the derivatives. Thus, we have used the available structural biology data to design D 9 -19-nortestosterone analogs, which should have high (i.e. pM) affinity for the ligandbinding pocket of the AR but not the glucocorticoid receptor, and which have a bulky and stiff side chain composed of repeating numbers (i.e. NZ1-3) of paraamino-benzoate units at the 11b position (Fig. 7) . These new analogs should be able to bind to the ligand pocket of the LDB of AR and tether the stiff 11 position side chain to sterically prevent helix 12's rotation to generate the co-activator binding agonist groove formed by helices 3, 4, 5 and 12 (Fig. 6) .
The advantage of a combinatorial approach to blocking the AR signaling cascade in androgen ablation-failing prostatic cancer patients is that no one point in the cascade has to be completely inhibited if several complementary steps are significantly downregulated. For example, if the levels of ligand and AR receptor are lowered but not entirely eliminated, a reduced amount of genomic (i.e. transcriptional) and non-genomic signaling could still occur. In fact, under this low ligand, low AR situation, the major portion of the AR protein is located within the cytoplasm. This situation is favorable to AR binding to cytoplasmic signaling complexes. For example, Unni et al. (2004) have demonstrated that in androgen ablation-resistant human prostatic cancer cells, Src kinase protein binds to a cytoplasmic scaffolding protein known as MNAR. In this complex, Src's kinase activity is not active. AR can form tertiary complexes with MNAR/Src via its proline repeat region in its N-terminal region, resulting in activation of the Src kinase. This initiates a signaling cascade involving Src kinase phosphorylating the MAPK kinase, Mek. Mek then phosphorylates and activates Erk-MAPK, which produces a signaling cascade stimulating the proliferation and survival of prostatic cancer cells (Mellinghoff et al. 2004 , Unni et al. 2004 . We have documented the importance of this non-genomic signaling pathway by the demonstration that inhibition of Mek's kinase activity by the small molecule inhibitor UO126 profoundly inhibits the in vitro proliferation, but does not induce the death of AR-positive, but less seen AR-negative cells . In additional published studies, we have provided further support for the importance of these nongenomic effects of AR by the demonstration that there is a dissociation between AR responsiveness for malignant growth vs transcriptional (i.e. genomic) regulation of prostate-specific differentiation markers PSA, hK2 and PSMA in human androgen ablation-resistant prostate cancer cell lines (Denmeade et al. 2003) .
These results are consistent with non-genomic signaling effects being critically involved in the AR regulation of prostate cancer cell growth. To address these non-genomic effects, the causal role of the activation of the downstream Akt and MAP kinases associated with development and progression of prostate cancer to the lethal androgen ablation-resistant state was studied. Using UO126, SB203580, SP600125, and (AIN small molecule inhibitors of Mek, p38 MAPK, Jnk MAPK, and Akt kinase respectively) it was documented that inhibition of either MEK or Jnk results in apoptosis of AR-negative Figure 7 Chemical structures of compounds discussed in the text.
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www.endocrinology-journals.org normal prostatic TA cells, but such apoptosis of androgen ablation-resistant prostate cancer cells required simultaneous inhibition of Mek, Jnk and Akt ). These results demonstrate that prostate cancer progression to a lethal androgen ablation-resistant state involves the acquisition of an enhanced redundancy in downstream survival signaling.
Cephalon, Inc. (Frazer, PA, USA), has developed a large library of indolocarbazole kinase inhibitors as possible therapeutics for neurological disease and cancer. From these studies, CEP-701 (Fig. 8) , a potent nM inhibitor of kinase activated by binding of neurotrophins (i.e. NGF, BDNF, NT-3) to their cognate receptors (i.e. TrkA for NGF, TrkB for BDNF, and TrkC for NT-3) was discovered to be an effective inhibitor of both rodent and human prostate cancer cells in vitro and in vivo (George et al. 1999 , Weeraratna et al. 2000 . CEP-701's anti-cancer efficacy involves inhibiting the autocrine-signaling pathway used by prostate cancer cells to stimulate their growth (i.e. prostate cancer cells produce several types of neurotrophins and express their appropriate receptors (Weeraratna et al. 2000) ). These pre-clinical studies led to CEP-701 being developed for clinical testing (Marshall et al. 2005) .
Remarkably, we have shown that treatment of these same androgen ablation-resistant human prostate cancer cells with CEP-701 at a 50-100 times lower concentration (i.e. 200 nm) produces better inhibition of in vitro growth of these cancer cells than monotherapy with 20 mM p38, 10 mM Mek, 20 mM Jnk, or 20 mM Akt inhibitors (Weeraratna et al. 2000 . Even more remarkable, CEP-701 monotherapy produces essentially an identical inhibitory response induced by combining Mek, Jnk, and Akt inhibition (Weeraratna et al. 2000 . We have now documented that the mechanism for the outstanding anti-prostatic cancer efficacy of CEP-701 monotherapy is due to its potent (i.e. nM) ability to inhibit Mek and Jnk directly (Fig. 8) .
Based on this ability, we would predict that combining CEP-701 to suppress the non-genomic AR signaling would enhance the efficacy of androgen ablation targeted at suppression of AR's genomic (i.e. transcriptional) effects. To test whether such enhanced efficacy is produced by combining CEP-701 with androgen ablation, the previously described Dunning R-3327 H rat prostatic cancer model was used. H-tumor-bearing rats were treated with either: (1) vehicle (i.e. intact controls); (2) LHRH analog continuously via SQ depot (i.e. leuprolide at a dose of 5.2 mg/kg every three weeks which lowers serum testosterone levels to !0.1 ng/ml); (3) 10 mg/kg of CEP-701 orally twice a day for two 21-day cycles (separated by 10 days off-drug); or 4) LHRH analog depot plus CEP-701 for two cycles. The effects of these treatments on tumor volumes are presented in Fig. 9 . These results show that CEP-701 does enhance the efficacy of LHRH when given simultaneously; however, no animal was cured by such a combinatorial therapy (George et al. 1999 ).
Conclusions
As summarized in Fig. 2 , there are multiple points in the AR signaling pathway that can be approved as therapeutic targets for this CART therapy. These include LHRH analogs, dual 5a-reductase inhibitors, kinase inhibitors, and bulky anti-androgens. Presently, we are synthesizing and testing bulky steroidal anti-androgens for inclusion in this CART therapy. Such optimal CART therapy could be developed clinically by phase II evaluation in metastatic prostate cancer patients who have a rising Endocrine-Related Cancer (2006) 13 653-666 www.endocrinology-journals.org PSA while on LHRH monotherapy or LHRH plus casodex. As an intermediate end point, the serum PSA response (e.g. decrease in serum PSA rise with time) could be used as proposed by D' Amico et al. (2004) in such phase II trials to document whether addition of the specific agent to metastatic patients progressing on standard LHRH analog treatment with a rising PSA, produces a PSA response. If it does, dose-finding studies could define the lowest dose of the additional agent that produces such PSA responses. Using this approach, optimal CART therapy could be developed in a stepwise fashion to define the fewest number of agents and the lowest doses needed to produce the best PSA response in progressing patients. Once defined, this optimal CART therapy would be tested in phase III trials. 
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